Sabin strains of poliovirus used in the manufacture of oral poliovirus vaccine (OPV) are prone to genetic variations that occur during growth in cell cultures and the organisms of vaccine recipients. Such derivative viruses often have increased neurovirulence and transmissibility, and in some cases they can reestablish chains of transmission in human populations. Monitoring for vaccine-derived polioviruses is an important part of the worldwide campaign to eradicate poliomyelitis. Analysis of vaccine-derived polioviruses requires, as a first step, their isolation in cell cultures, which takes significant time and may yield viral stocks that are not fully representative of the strains present in the original sample. Here we demonstrate that full-length viral cDNA can be PCR amplified directly from stool samples and immediately subjected to genomic analysis by oligonucleotide microarray hybridization and nucleotide sequencing. Most fecal samples from healthy children who received OPV were found to contain variants of Sabin vaccine viruses. Sequence changes in the 5 untranslated region were common, as were changes in the VP1-coding region, including changes in a major antigenic site. Analysis of stool samples taken from cases of acute flaccid paralysis revealed the presence of mixtures of recombinant polioviruses, in addition to the emergence of new sequence variants. Avoiding the need for cell culture isolation dramatically shortened the time needed for identification and analysis of vaccine-derived polioviruses and could be useful for preliminary screening of clinical samples. The amplified full-length viral cDNA can be archived and used to recover live virus for further virological studies.
Live trivalent oral poliovirus vaccine (OPV) prepared from attenuated Sabin strains is highly efficacious, and its worldwide use resulted in eradication of poliomyelitis in the United States (41) and most other countries (37, 38) . Roughly half of the approximately eight cases reported yearly in the United States involved immunodeficient individuals. Vaccine-derived poliovirus (VDPV) strains isolated from stools of individuals with vaccine-associated paralytic poliomyelitis (VAPP) have been found to contain a number of mutations and exhibit increased neurovirulence. While some of the mutations occurring in VDPV strains restore the sequences present in the wild-type progenitors of the vaccine strains (direct reversions), other mutations either are incidental or are second-site suppressors of attenuated phenotype. All three Sabin strains contain a single base change in the same domain of the 5Ј untranslated region (5Ј-UTR) that contributes to the attenuated phenotype, as indicated by increased neurovirulence in strains where this base change is reversed or altered by a compensating mutation (17, 31) . Such Sabin strain variants with reversion in the 5Ј-UTR have been identified in type 3 (5, 17) , type 2 (30) , and type 1 (9, 24) isolates from patients with VAPP, as well as from healthy vaccine recipients (1, 11, 16, 42) . Isolation of such variants from both VAPP cases and healthy vaccinees (5, 17, 19, 35) makes the cause-effect relationship between these mutations and paralytic disease less apparent and suggests that development of paralytic disease may involve both viral and host factors. Nevertheless, the emergence of these poliovirus variants can be a necessary first step in the development of paralytic disease in vaccinees or their contacts. Prolonged circulation of VDPVs in inadequately immunized populations has led to outbreaks of poliomyelitis in Egypt (49, 54) , the Philippines (48), the Dominican Republic and Haiti (25, 29) , and Madagascar (40) , which were caused by highly divergent VDPV strains. These outbreaks, attributable to VDPVs, illustrate a serious challenge to development of a safe strategy for phasing out OPV use after global eradication is achieved. This can be done only by gaining a better understanding of the driving forces and the mechanisms behind the emergence of the newly virulent VDPVs. Important questions about the emergence of VDPV can be answered only by conducting a large-scale worldwide screening of poliovirus isolates and by studying genetic stability of vaccine strains in vaccine recipients. As part of the global eradication effort, genetic analysis of thousands of poliovirus isolates from stool samples from acute flaccid paralysis (AFP) cases, their contacts, and the environment is being done by the global laboratory network supported by the World Health Organization.
Presently, identification and characterization of polioviruses in stool specimens collected from OPV vaccinees and VAPP patients require virus isolation in susceptible tissue cultures (33, 52) . More that one cell culture is typically used, because the strains have often-unpredictable preferences for growth in different cell substrates. A second cell culture passage, in the presence of specific neutralizing antisera, is usually required to identify the viral serotypes in the isolate. One shortcoming of this approach is that viruses isolated after passages in cell culture may not be representative of the viral diversity in the original stool specimen (13, 15) . Another disadvantage of the culture method is that it can take anywhere from 1 to 3 weeks to obtain a result. Finally, this method requires high level of biological containment in thousands of laboratories around the world that are involved in this effort.
Recently we have shown that viral cDNA prepared from highly purified viral RNA can be PCR amplified to generate complete infectious copies of viral genome. These full-length PCR (FL-PCR) amplicons can be subsequently used for analysis by hybridization and sequencing. They can also be used for rederivation of infectious virus by transfecting susceptible cell cultures with RNA transcripts of the cDNA amplicon, a procedure that was shown to preserve heterogeneity of the original viral populations (10). Here we describe modifications of the protocol that enabled us to amplify the entire genome of poliovirus starting from viral RNA isolated directly from stool specimens. We also describe development of oligonucleotide microarray technique for determination and quantification of reversions in the 5Ј-UTRs of vaccine-derived strains and the use of another microarray method for screening of viral mutations and analysis of the overall genomic organization of recombinant strains. The entire analysis can be performed within a few days and provides comprehensive information about the genetic diversity of polioviruses in the sample. This new method offers an attractive shortcut that eliminates the need for virus cultivation in cell cultures and enables rapid identification and genotyping of polioviruses in clinical and environmental samples, and it can also be adapted for other viruses.
MATERIALS AND METHODS
Specimen collection. Subjects consisted of infants from a poliovirus vaccine study performed in mid-1990s at St. Louis University and at the University of Maryland (39) . The study was designed to analyze reversion of Sabin strains in vaccine recipients after OPV vaccination of subjects previously immunized with inactivated polio virus vaccine (IPV); the study was approved by the institutional review boards of the participating institutions. Group 1 samples included stool specimens collected 1 week after the first OPV dose. Group 2 included stool specimens collected 1 week after the third dose of OPV. Group 3 included stool specimens collected 1 week after the first IPV dose. Group 4 included stool specimens collected 1 week after an OPV dose that came after two doses of IPV. Group 5 included stool specimens collected 3 weeks after an OPV dose that came after two doses of IPV. The specimens were kept frozen until processing. Two stool specimens from patients with AFP were also used in this study. Specimen 18050 was collected at day 7 after onset of AFP and 10 days after OPV vaccination. Specimen 18058 was collected at day 3 after onset of AFP and 11 days after OPV vaccination.
Viruses. Sabin strains of types 1, 2, and 3 (GenBank accession numbers AY184219, AY1842120, and AY184221, respectively) were U.S. neurovirulence reference samples. Stocks of VDPV isolate 11262 (99/056-252-14; GenBank accession number AF462418) and of wild-type Mahoney and Leon/37 strains (GenBank accession numbers NC002058 and K01392, respectively), as well as VDPV isolate 154, were grown in HEp-2 cells. Viral RNA was extracted from clarified cell culture supernatant, converted to cDNA by using SuperScript II reverse transcriptase and primers complementary to the 3Ј end of poliovirus RNA, and amplified by FL-PCR as described below for stool samples.
Stool sample preparation and extraction of viral RNA. One gram of frozen stool was vortexed in 10 ml of Dulbecco's phosphate-buffered saline and centrifuged at 325 ϫ g for 10 min, and the supernatants were aliquoted (1.5 ml per vial). A total of 140 l of the stool supernatant was added to the QIAamp viral RNA minikit (QIAGEN) for isolation of RNA according to the manufacturer's protocol. The extracted RNA was eluted in a final volume of 60 l of sterile RNase-free water.
Determination of FL-PCR sensitivity for detection of OPV in stool samples. A series of 10-fold dilutions (0.14 ϫ 10 Ϫ1 to 0.14 ϫ 10 Ϫ7 ) of Sabin 1 virus suspension containing 10 7 50% tissue culture infectious doses (TCID 50 ) per ml was prepared, spiked into poliovirus-free stool supernatant, and processed as described above.
Reverse transcription. Viral cDNA was prepared by reverse transcription of viral RNA. Ten microliters of RNA was added to a reaction mixture that contained 1 mM dithiothreitol, 2.5 g/ml of each primer (A7-Sabin1,3 and A7-Sabin2) (Table 1), 0.5 mM of deoxynucleoside triphosphate mix, and 1ϫ first-strand reverse transcription buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 ) (Life Technologies Inc., Gaithersburg, MD). The final volume of the reaction mix was 50 l. The mixture was heated for 5 min at 65°C and quickly chilled on ice. Superscript II at 12 U/l was added to the mixture and incubated for 2 hours at 42°C, and then and additional 4 U/l Superscript II was added and the mixture was incubated for another 2 to 3 h at 42°C. Tubes were then held at 4°C until PCR amplification.
FL-PCR. Ten microliters of cDNA was used for full-length PCR amplification of the poliovirus genome. The reaction was performed according to the manufacturer's manual for the XL-PCR kit (Perkin-Elmer/ABI, Alameda, CA) and as described before (10) . Sense primer U-S7 and antisense primers A7-Sabin2 and A7-Sabin1,3 were used ( Table 1) .
The FL-PCR procedure was performed using a GeneAmp 9700 thermocycler (ABI, Foster City, CA) with the following conditions: incubation for 30 s at 94°C Table 1 ). The nested FL-PCR procedure included amplification of 10 l of the first FL-PCR product in a final volume of 100 l under the same conditions as described above for FL-PCR except with a slight change in the temperature regimen: incubation for 30 s at 94°C followed by 35 cycles, each consisting of 15 s at 94°C, 15 s at 55°C, and 10 min at 65°C, and then incubation for 30 min at 72°C.
Design and fabrication of microchips. For quantification of reversions in the 5Ј-UTR, we designed specific primers to amplify this region separately for each attenuated poliovirus strain (Table 1) . Oligonucleotide probes for microarray hybridization were synthesized based on the analysis of previously published genomic sequences of Sabin and wild-type poliovirus strains. Sequences were aligned using the Clustal X program (43) , and specific oligonucleotide probes for individual detection of mutations of interest were selected by using the custom OligoScan program developed in our lab ( Table 2 ). The melting temperatures (T m s) of oligonucleotides were chosen to be between 44 to 51°C (calculated by using the nearest-neighbor algorithm) so that the mutation of interest was located close to the center of each oligonucleotide. Oligonucleotides with the 5Ј end modified by addition of an aminolink group were synthesized with an automated oligonucleotide synthesizer and purified as described previously (8, 28) . Microchips were printed on silylated (aldehyde-coated) glass slides (Cell Associate, Inc., TX) using contact a microspotting robot (Cartesian Technologies, Inc., CA) equipped with a CMP-7 microspotting pin (ArrayIt, CA) as described previously (28) . Ten individual microarrays for 5Ј-UTR analysis were spotted on each slide. The unit microarray contained 10 spots of oligonucleotide probe for specific Sabin strain and 10 spots of oligonucleotide probe specific for revertant virus. Microarrays also contained two oligonucleotides specific to a conserved region (control); each of the controls spotted five times in the last row (see Fig.  2 ). The redundant spotting was used to increase quantification accuracy.
To analyze the variability in the VP1 genes of attenuated polioviruses PCR amplified directly from stool specimens, we used the microarray for resequencing and heterogeneity analysis (MARSH), previously developed in our lab (7) . Briefly, three sets of overlapping oligonucleotides corresponding to genomic sequences of three OPV strains and covering the VP1-coding region were synthesized. Four MARSH arrays were spotted on each slide, and each set of oligonucleotide probes was printed with a fourfold redundancy, so that each microarray contained four identical subarrays. On each slide, two out of four microarrays were hybridized with reference DNA, and two remaining arrays were hybridized with sample DNAs. This allowed the hybridization signals obtained for test samples to be normalized by the fluorescence intensity produced by the respective oligonucleotides hybridized with the homogeneous reference (7) .
For analysis of viral recombination, we used the microarray analysis of virus recombination (MAVR) assay, which was developed previously (7) . Briefly, genotype-specific oligonucleotide probes for identification of Sabin strains were selected and printed in three rows according to their location in the genome. Five individual microarrays for MAVR analysis were spotted on each slide.
Preparation of samples for hybridization.
For the analysis of the 5Ј-UTR, we designed primers in variable regions at the ends of this segment in order to specifically amplify a single poliovirus genotype from the mixture ( Table 1 ). The specific amplification of 5Ј-UTR for each OPV strain was performed by PCR, and the synthesis of single-stranded DNA was performed by asymmetric PCR using a Perkin-Elmer PCR kit as described previously (28) . The single-stranded DNA was purified with the QIAquick PCR purification kit (QIAGEN, Chatsworth, CA) and diluted in 50 l of water.
Aliquots containing 0.2 M of single-stranded DNA were labeled using the Cy5 or Cy3 Micromax ASAP RNA labeling kit (Perkin-Elmer, Boston, MA) and purified using CENTRI-SEP (Princeton Separation, Adelphia, NJ) spin columns.
The VP1-coding region was PCR amplified with specific Sabin 1 specific primers. Reverse primers contained a T7 RNA polymerase promoter (Table 1) , and preparation of sample for hybridization with microarrays for mutations screening in VP1 or for analysis of viral recombinants was done as described previously (7) .
Microarray hybridization, scanning, and data analysis. Fluorescently labeled samples were dried immediately prior to hybridization, reconstituted in ASAP hybridization buffer III, (for hybridization to the 5Ј-UTR microarray, 0.5 M Cy5-quality control of oligonucleotide was also added), and denatured by incubating for 1 min at 95°C. The final concentration of each probe in the hybridization solution did not exceed 0.2 M. Five-microliter aliquots were applied to the MARSH and MAVR microarrays, and 2 l was applied to the 5Ј-UTR microarray; each aliquot was covered with an individual plastic coverslip. Hybridization was performed for at least 30 min at 45°C. The microarray was then washed as described previously (28) .
Microarray images were taken using a ScanArray 5000 confocal fluorescent scanner (GSI Lumonics, MA) equipped with green and red HeNe lasers (543 nm and 632 nm for excitation of Cy3 and Cy5, respectively). Images were then analyzed using QuantArray software (Packard BioScience, MA). The MARSH assay results were analyzed as described before (7). The values obtained from 5Ј-UTR microchips were normalized and analyzed as described before (28) .
RESULTS
PCR amplification of a full-length genome of poliovirus from stool specimens. Amplification of full-length cDNA of poliovirus starting from purified poliovirus RNA was previously described (10) , opening an intriguing possibility of using this approach for analysis of clinical specimens. There are numerous reports that inhibitory substances that interfere with PCR can be present in stool specimens (12, 23, 44, 45) . To eliminate these inhibitors, we used the QIAamp viral RNA minikit for isolation of viral RNA and further modified the highly efficient protocol (4, 25) . To increase the sensitivity of the amplification, we increased the quantity of source RNA to 1 to 1.5 g, extended the time of the reverse transcription reaction to 3 to 5 h, and added Superscript II reverse transcriptase twice in the course of reaction: first at 12 U/l at the beginning, and then at 4 U/l after 2 hours. Next, we altered FL-PCR protocol by increasing the length of the polymerase extension step and by increasing the number of amplification cycles. The PCR primers used for this protocol are listed in Table 1 . Increasing the concentration of rTth DNA polymerase from 1 unit to 1.5 units significantly increased the yields of specific amplification product. To determine the sensitivity of the protocol, we spiked decreasing amounts of virus suspension containing 10 7 TCID 50 into a control stool sample and performed the complete cycle of isolation and amplification. Using our modified protocol, we were able to detect 470 TCID 50 in one milliliter of stool.
To further increase the sensitivity of detection, we used nested FL-PCR in which XL-PCR with different primers that were located in highly conserved regions flanked by the primers was used to generate first amplicons. The nested FL-PCR allowed us to detect about 47 TCID 50 of poliovirus in 1 ml of stool.
FL-PCR amplification from stool specimens collected from healthy vaccine recipients. To test the ability of FL-PCR to amplify poliovirus cDNA from stool specimens, we used samples collected from healthy children 1 week after immunization with OPV. The stool was diluted to 10% in Dulbecco's phosphate-buffered saline, the RNA was extracted with the QIAamp viral RNA minikit and reverse transcribed, and the cDNA was amplified by FL-PCR as described above. The results of this amplification are shown in Fig. 1A and B. Fifteen out of the total of 24 samples were positive in the FL-PCR amplification, which demonstrated that the product was fulllength cDNA of poliovirus. All samples collected 1 week after the first dose of OPV and most samples collected 1 week after an OPV dose given after two IPV doses were positive, while only two out of three samples collected 1 week after three OPV doses appeared to contain poliovirus. No PCR amplification was observed in stool samples collected from children immunized with IPV only or in stool samples collected 3 weeks after an OPV dose given after two doses of IPV. This result is in complete agreement with the expectation that prior immunization reduces the amount of excreted virus. The virus titration (Table 3 ) demonstrated that the limit of detection was 158 TCID 50 /ml.
Quantification of mutations in the 5-UTR by oligonucleotide microarray hybridization. The ability to prepare viral cDNA directly from stool samples opens the possibility of rapid genetic characterization of virus in in vivo samples. To determine whether viral genomes recovered from the stool specimens contained mutations in the 5Ј-UTR, we developed oligonucleotide microarrays and hybridized them with the DNA amplified with primers specific to each of the three genotypes of poliovirus (Table 1) . To detect and quantify each mutation of interest, two oligonucleotides were synthesized and spotted on the microchip. One oligonucleotide probe was specific to the vaccine sequence, and the other was specific to the revertant. These oligonucleotide probes were 15 to 18 nucleotides long, ensuring that their binding was critically affected by a single-nucleotide mismatch ( Table 2 ). The following mutations were tested: 480 G3A and 525 T3C in Sabin 1, 481 A3G in Sabin 2, and 472 U3C in Sabin 3-derived viruses.
Fluorescent single-stranded DNA samples were generated from test and control samples and hybridized with the chip as described above. The percentage of reversion was calculated by dividing the normalized signal from each revertant oligonucleotide probe by the total signal (signal obtained from both revertant and vaccine oligonucleotide probes). The numbers obtained from 10 replicates of each oligonucleotide probe (vaccine and revertant) were averaged, and the standard deviation was calculated (Table 4 ). These data show that many stool samples taken from healthy children 1 week after OPV immunization contained reversions, consistent with classical observations (5, 16, 17) . The hybridization patterns for each OPV strain are shown in Fig. 2A-II, B -II, and C-II. These VOL. 43, 2005 DIRECT ANALYSIS OF VIRAL GENOME IN STOOL SAMPLES 2889
on January 28, 2018 by guest http://jcm.asm.org/ results demonstrate that the oligonucleotide microarrays simultaneously and unambiguously detected and discriminated vaccine and revertant sequences and allowed us to perform quantification of reversions in the 5Ј-UTRs of all three genotypes of poliovirus. Screening for mutations in the VP1-coding region by using the MARSH oligonucleotide microarray. Viral replication in vitro or in vivo results in accumulation of mutations and leads to increased heterogeneity of viral populations. To detect these mutations in stool specimens, we used MARSH assay as previously described (6) . This microarray contains specific oligonucleotides overlapping at half length and covering the region coding for VP1, the poliovirus capsid protein exhibiting the greatest variability. This method has been shown to be sufficiently sensitive to detect small differences in mutational profiles of poliovirus (6) .
The hybridization of PCR-amplified DNAs derived from stool samples on this chip and the comparison of their fluorescent signals with that of the prototype Sabin 1 showed that there were two mutations in stool sample 2, one in an oligonucleotide centered around genomic position 2579 and the second in an oligonucleotide located at position 2762 (Fig. 3B) . Sequencing of the VP1-coding region confirmed the presence of mutations C 2582 3U, coding for a Pro 35 3Ser change, and A 2775 3C, coding for Lys 99 3Thr. The latter amino acid substitution affects antigenic site 1 (amino acids 91 to 102 of VP1) (18, 34) .
Analysis of stool sample 18 showed the presence of a peak located in oligonucleotide 3308 (Fig. 3A) . Sequencing of this region showed the presence of a silent mutation, C 3319 3U. MARSH analysis of other stool samples did not identify additional mutations in the VP1 region. This was confirmed by the results of nucleotide sequencing. These results demonstrate that MARSH analysis can reveal mutations regions in viral genomes amplified directly from stool samples.
Analysis of poliovirus genome structure in cDNAs prepared from stool samples taken from AFP cases. Genetic characterization of poliovirus strains isolated from cases of AFP is an essential part of laboratory diagnosis. The ability to perform this analysis directly on the samples prepared from stool specimens could allow us to reduce the time needed for obtaining results from several weeks to few days. Therefore, we analyzed FL-PCR amplicons obtained from stool samples taken from AFP cases by MAVR, a method recently created in our laboratory (6) . Figure 4 shows the result of analysis of samples (18050 and 18058) prepared from stool specimens and respective isolates obtained by a conventional scheme (50) . Sample 18058 contained a mixture of Sabin 2 and Sabin 3 viruses, one or both of them being recombinants with Sabin 1 virus. Growing this virus in cell culture in the presence of antisera against these serotypes allowed us to separate viral genomes with type 2 capsid sequences from those with type 3 sequences; their hybridization pattern in MAVR analysis shows that Sabin 3 is a recombinant with Sabin 1 (Fig. 4, 18058-type 3) , and there are at least two type 2 polioviruses present in this sample, one nonrecombinant and another recombinant with Sabin 1 (Fig. 4,  18058-type 2) . Therefore, microarray analysis of cDNAs amplified directly from stool samples by using the MAVR protocol allowed us to perform rapid overall characterization of strains present in the in vivo specimens and to significantly decrease the analysis time.
DISCUSSION
The worldwide poliomyelitis eradication campaign resulted in stopping of wild-type poliovirus circulation in much of the world, with the exceptions of south-central Asia and some regions in Africa. Because the ultimate goal of eradication seems to be within reach, development of a rational "endgame" strategy and vaccination policies for the posteradication period has become a high priority (14) . The original assumption was that after cessation of circulation and containment of wild-type polioviruses, worldwide immunization against polio- on January 28, 2018 by guest http://jcm.asm.org/ myelitis would eventually be stopped (46, 47) , similar to the strategy employed in the smallpox eradication campaign (20) (21) (22) . However, recent discoveries of long-term circulation of VDPV that may cause outbreaks of paralytic disease in communities with inadequate immunity (25, 48, 49, 51) raise questions about the prudence of this approach (7, 22, 27, 37) . Long-term persistence of poliovirus and its excretion by immunocompromised individuals (26, 32) suggest that some form of protection from the threat of reemergence of poliomyelitis may be needed even after the transmission of wild-type poliovirus has been eliminated. Some countries have already announced their intention to continue to use IPV at least until the situation with VDPV has been studied in more detail. To develop a rational posteradication immunization strategy, extensive surveillance coupled with detailed genomic characterization to identify the level of divergence of circulating VDPV strains must be urgently performed. The rigorous global monitoring of poliovirus circulation should also continue after the eradication is complete and until we determine that the envi- Currently, laboratory diagnosis of AFP cases and environmental monitoring are carried out by conventional procedures based on poliovirus isolation in several types of cell cultures followed by intratypic differentiation or serotyping (52) . This traditional approach requires several weeks and also carries a risk of missing some of the components that may be present in highly heterogeneous and dynamic natural populations of these viruses.
In this communication we describe a rapid method for amplification of complete copies of poliovirus cDNA directly from stool samples. The FL-PCR amplification method was originally proposed in our laboratory (10) and was recently used for discrimination between wild-type and attenuated polioviruses (3) . In this study we adapted the protocol to prepare cDNA directly from stool samples, eliminating the need to grow virus in vitro. The materials obtained directly from the clinical samples were used for genetic analysis using microarray hybridization. Together, these two approaches produce a snapshot of genomic analysis of the entire viral population without resorting to more laborious techniques. This simple analysis can be completed within few days for a large number of viral isolates simultaneously. The method does not require cloning of the test samples, thus preserving the natural compositions of viral populations. Unlike PCR techniques relying on amplification of short segments of viral genome that were previously used for characterization of viruses in clinical samples (36) , full-length PCR amplification allows investigators to reasonably suggest that its results reflect the presence of live virus rather than fragments. Therefore, the results of this method may be more clinically relevant. Use of the proposed shortcut opens the possibility of a large-scale full-genome screening of viral isolates from clinical samples, which is needed for thorough epidemiological surveillance, vaccine quality control, and analysis of genetic changes in response to drug treatment.
We used the microarray methods that have been described here for quantification of the known reversions in the 5Ј-UTR of live poliovirus vaccine at the level of point mutation, based on the ability of oligonucleotide microarrays to distinguish single-nucleotide polymorphism (6, 8, 28) . We also used other microarray methods recently created in our lab (6) . We analyzed both stool samples obtained from healthy vaccinees and samples taken from cases of adverse reactions (AFP) linked to OPV immunization. The proposed protocol is rapid, highly sensitive, and robust. It allowed us to perform characterization of complex mixtures of viral recombinants within few working days, as opposed to several weeks for the conventional protocol. We also demonstrate that it can be used for characterization of the overall genomic structure, identification of random mutations, and quantification of particular mutations causing increased neurovirulence.
The use of an improved viral RNA isolation procedure and the larger total quantity of RNA used for reverse transcription (1 to 1.5 g) allowed us to consistently amplify full-length viral cDNA from stool samples. The sensitivity of the optimized assay for detection of attenuated poliovirus in stool specimens determined in spiking experiments using FL-PCR is roughly equal to what could be determined by direct virus titration of stool samples (the limit of detection in our protocol was 158 TCID 50 per ml), and a sample with a titer of 316 TCID 50 /ml was positive. The direct FL-PCR amplification protocol can yield results in 1 to 2 days, while traditional cell culture-based assay requires at least 2 to 3 weeks. Another advantage of FL-PCR is that it can be performed in laboratories without tissue culture capabilities and at a lower expense. The ability to perform large-scale screening of environmental and clinical samples without resorting to traditional cell culture methods might have additional value after polio eradication is achieved. According to the current World Health Organization guidelines (53) , all work with live poliovirus in the posteradication period must be performed in laboratories having a biosafety 3 level of containment. Screening of clinical and environmental samples for possible reemergence of poliovirus would therefore be subject to similar levels of containment. Direct screening of RNAs isolated from stool samples and from the environment by using the molecular method proposed in this communication will help solve this critical dilemma.
Many samples obtained from healthy vaccine recipients 1 week after immunization contained reversions in the 5Ј-UTR, consistent with previously published data (5, 17) . Some samples also contained reversions inside the VP1 capsid proteincoding region, including the locus coding for a major antigenic site, consistent with the pattern observed for other VDPVs that gradually regain their ability to circulate in human communities (2, 7). These results as well as the data from hundreds of other stool specimens from vaccine recipients analyzed by the technique described here will be discussed in detail elsewhere.
Terminal regions of genomes of most RNA viruses are highly conserved, which opens the possibility of using the same approach for direct analysis of other viruses. Screening of clinical and environmental samples by using the FL-PCR am- plification protocol coupled with microarray analysis of the resulting amplicons can be used for surveillance of emerging pathogens, including those viruses that are difficult to grow in cell culture. It can also be used for creation of archival DNA samples prepared from clinical and environmental specimens. Such samples can be easily stored and then used for retrospective analysis and screening for the presence of particular pathogens.
Finally, incorporation of RNA polymerase promoters suitable for in vitro transcription into the PCR primers allowed us to obtain infectious RNA transcripts from the FL amplicons and to recover live virus from these archived samples (not shown). Therefore, use of FL-PCR as the first step in characterization of viruses directly in clinical samples, without cultivating them in cell culture, could become a new paradigm in virus isolation and epidemiological surveillance for emerging and reemerging viruses.
